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Abstract

Industry 4.0 technologies are profoundly transforming the assembly, integration, and testing (AIT) processes
of aerospace components, with augmented reality (AR) and cyber-physical systems (CPS) at the forefront of
this evolution, marking a significant shift in traditional methodologies. This research explores the integration of
CPS into the AIT processes of aerospace components, leveraging AR as a powerful tool to enhance efficiency,
precision, and safety. To do so, the case of an aerospace system that showcases the practical implementation
of the proposed CPS and AR framework in aerospace AIT is presented. Results show how the developed
CPS can provide valuable assistance to the AIT operator, constituting a promising option to achieve significant
improvements in assembly accuracy and overall process efficiency. The research also explores the implications
of the proposed framework on the testing phase of aerospace components resorting to the CPS capability
to facilitate real-time monitoring of performance metrics, ensuring the accomplishment of stringent quality
standards.

Keywords: Cyber-Physical Systems, Digital Twins, Augmented Reality, Assembly-Integration-Testing, Smart
Manufacturing

1. Introduction

The aerospace industry is witnessing a transformative paradigm shift driven by recent advancements
in technologies associated to Industry 4.0 [1][2]. This rapid evolution is fostered by the onset of a
series of big market-driven challenges: (i) the increased diversification of requirements asked by
customers or users, (i) the short lead-time to market from product development to product delivery,
reduced by global competitiveness, (iii) the higher quality assurance needed by more complex new
technologies [3], (iv) the increased need for products reliability, stability, and longevity [4][5]. This
change is affecting both the final product and the manufacturing process, with particular reference to
the assembily, integration and testing (AIT) phases, giving rise to the so called Smart Manufacturing
paradigm (SM) [6]. SM in aerospace is focused to reach improvements on autonomous interoperabil-
ity, agility, flexibility, decision-making, efficiency or cost reductions, mass customisation, servitization
[7]-[8]. These goals are reached via the throughout use of what researchers and stakeholder agree
to consider the 9 Key Enabling Technologies (KET) of SM [7]: Internet of Things (loT), Cloud inte-
gration and Computing (CC), Big Data & Analytics (BDA), Simulation & Digital Twin (DT), Augmented
Reality (AR) & Virtual Reality (VR), Additive Manufacturing (AM), Cyber-Physical Systems (CPS),
Autonomous Robots & Collaborative Robots (CoBots), Artificial Intelligence (Al) (see Figure[T). Most
of these tools takes the heritage of the developments in computing [9] as they are based on a “cy-
berspace” interconnecting both local computing intelligence and the manufacturing process through
an easy-to-use interface. As a consequence, modern aerospace systems have thus become cyber-
physical, that is they are made of physical components, but they are commanded and controlled
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Figure 1 — The Key Enabling Technologies (KET) of Smart Manufacturing are specific technologies
considered crucial to address the challenges of enhanced competitiveness and innovation posed by
the new Industry 4.0 era.

by communication and computing elements (called “cyber”) [10]. Among the aforementioned tools
of SM, AR and CPS have gained particular attention in the aerospace field over the last years. In
particular, augmented reality, characterized by the overlay of digital information onto the physical
world, has gained substantial attention for its ability to enhance human-machine interactions in as-
sembly processes [11]. AR can be considered as one of the two extremes of the so called eXtended
Reality (XR) [12] the other end being represented by Virtual Reality (VR). While augmented reality
allows the user to see digital parts, superimposed on physical parts, the virtual one isolates the user
from the external environment, making him immerse in a parallel digital reality. Mixed reality (MR)
is the mix use of the two. AR can provide real-time, interactive visualizations of complex assembly
tasks: technicians equipped with AR headsets can overlay digital information onto physical compo-
nents, guiding them through intricate assembly steps with enhanced accuracy. AR applications can
display 3D models, assembly instructions, and real-time error detection, reducing the likelihood of
mistakes and rework. This not only speeds up the assembly process but also ensures higher preci-
sion and consistency in the final product [11]. Several studies emphasize AR’s capacity to provide
real-time visualizations, step-by-step instructions, and interactive overlays during complex assembly
tasks [13][14]. This not only expedites the learning curve for assembly line workers but also signif-
icantly reduces errors and improves overall task efficiency. On the other hand, CPS are defined as
transformative technologies for managing systems that interconnect with computational capabilities
[15]. CPS integrate computational entities which are in intensive connection with the surrounding
physical world and its on-going processes, providing and using, at the same time, data-accessing
and data-processing services available on premise or on the Internet [16]. In other words, CPS can
be generally characterized as “physical and engineered systems whose operations are monitored,
controlled, coordinated, and integrated by a computing and communicating core” [17]. To this end,
CPSs are able to: (i) collect data referred to themselves and their environment, (ii) process and eval-
uate these data, (iii) connect and communicate with other systems, and (iv) initiate actions [18]. The
growing availability, affordability and adaptability of sensors and connection systems are increasing
the widespread adoption of CPS. Production and testing data are easier to be collected and trans-
ferred to cloud platforms, where analytics and Artificial Intelligence (Al) tools permit to analyse and
predict the production behaviours, and consequently act (manually or automatically) to increase per-
formances. A complete CPS should be able to get information from the physical world and act on it,
generally after data computations suggested the action to be implemented. Obviously, CSP should
not be confused with 10T, because loT is part of a CPS system, that for example could also include Al
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Figure 2 — Structure and flow of assessment procedure for analysis and development of a CPS [19].

technology. Figure [2]shows how CPS connect a system in the physical world and its digital twin (cy-
ber world), with an important remark about the human centered vision of this systems, because the
operator/manger is always needed to check the process reliability, and often to validate the analysis
and the actuating decisions.

This study explores the integration of CPS into the assembly, integration, and testing processes
of aerospace components, leveraging augmented reality as a powerful tool to enhance efficiency,
precision, and safety. The goal is to establish a comprehensive understanding of the potential benefits
and challenges associated with the incorporation of CPS and AR in the aerospace assembly domain.

2. CPS for AR-assisted aerospace AIT

A CPS is defined as a system in which physical objects are required to be accompanied by their
representation in the digital world, to be integrated with elements with computing, storage and com-
munication capabilities, and to be networked between them. CPSs are typically classified resorting
to a 5C level architecture [20] where five levels are identified to define, through sequential activity
flows, the architecture of a CPS starting from the initial data acquisition, up to the creation of final
value. The five levels are (see Figure [3):

1. Smart Connection Level: guarantees the timely and reliable acquisition of data from sensors,
controllers or company production systems (ERP, MES, SCM and CMM). It is central, consid-
ering the heterogeneity of the data, to select appropriate data acquisition methods and sensors
(in terms of types and specifications);

2. Data-to-Information Conversion Level: converts the data collected into significant information
through specific algorithms and analysis;

3. Cyber Level: acts as a central hub, where all the information deriving from the various machines
and components, arrives and creates an intelligent network. They are then analyzed to under-
stand specific or collective information about the state of the system, and evaluated to predict
future events;

4. Cognition Level: the implementation of the CPS at this level generates an in-depth knowledge
of the monitored system, a valuable support in the decision-making process. This knowledge
allows operators to manage the system optimally. To ensure visibility, clarity and immediacy in
the understanding of the system by the operators, it is often necessary to implement graphic
analysis and representations;
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Figure 3 — The CPS functions and attributes: lower levels collect data that is analyzed and
condensed at each upper level. Information fed to each higher level is more valuable than
information coming into the level below.

5. Configuration Level: the configuration level constitutes the feedback of the cyberspace in the
physical space and acts as a supervisory control to make the machines self-configuring and
self-adaptable. It acts as a resilience control system (RCS) and allows to monitor, prevent, and
correct the systems.

This 5-level framework is by far the main reference for CPS. CPSs enable seamless communica-
tion between machines, sensors, and human operators [21]. In aerospace AIT processes, CPS are
envisioned to monitor and control various aspects of assembly and testing in real time: sensors
embedded in assembly stations collect data on temperature, pressure, and vibration, which is then
analyzed to optimize assembly conditions and ensure component integrity [22]. CPS can also facili-
tate automated adjustments to machinery based on real-time data, ensuring optimal performance and
reducing the likelihood of human error [23]. Various works demonstrate the deployment of CPS with
embedded sensors and actuators to facilitate adaptive manufacturing processes, responding dynam-
ically to variations and uncertainties during assembly [24]-[25]. This adaptability ensures heightened
precision and efficiency in the assembly phase, capable of meeting the high demands of aerospace
production, with AR enhancing human capabilities by providing critical information at the point of use
and CPS ensuring seamless integration and optimization of physical and computational elements
[11].

To establish the transformative impact of integrating CPS and AR in the assembly, integration, and
testing processes of aerospace components, the AIT process of the structure of a CubeSat is here
selected as case study. The CPS of the structural subsystem of the satellite is realized leading to the
definition of an application to be run with AR visors so to assist operators during the assembly and
testing of the structure. In particular, such application is envisioned to be based on a CPS featuring
functions belonging to the first 4 of the the 5 levels showed in Fig. [3 ensuring:

1) Tether-free communication of sensors;

2) Sensor data management;

3) Twin model for components and machine;
4) Remote visualization for human interaction.

On the other hand, no adaptability or self configuration/optimization capabilities is intended to be im-
plemented in the present the CPS (i.e., the Configuration Level). The development of the proposed

4
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Figure 4 — The mock-ups of the graphical interface of the application.

framework starts with the analysis of the various phases of the structural subsystem’s assembly pro-
cess so to define a set of macro-steps to be considered within the AR-assisted assembly procedure.
Once the requirements and data the system must handle are formalized, the second step of the
framework envisions the definition of a high-level application’s architecture based on the assembly
methodology previously identified. This phase, highlighting the structure and the behavior of the
system, serves to guide the development of the final application. In particular, each component rep-
resented in the architecture is designed to work in a container representing a unit of software that
encapsulates together the code and all its dependencies. Containerization is chosen as it allows
applications to run fast and reliably independently from the system they are executed on.

Once the structure of the architecture is defined, the realization of the mock-ups (see Fig. [4) neces-
sary for developing the user interface of our virtual environment is tackled [26]. In this phase three
different main interfaces are set: (i) a Main Menu, i.e., the first interface with the operator and it is
characterized by four different buttons the user can press to get access to further functionalities and
information (Fig. [p); (ii) the Assembly Overview, which is intended to enable the exploratlon of the
final assembled product and to find detailed information regarding all its components(Fig. 4b); (iii) the
Assembly Procedure, namely the interface the user is envisioned to spend most of the time with and
is designed to contain all tools the user may need without overcrowding the virtual scene, through
this interface the user can change the assembly step and look for additional details about it (Fig. [4c).
The realization of mockups is a necessary step to be able to produce a usable user interface for
the application (see Fig. [8). All satellite parts involved in the process are therefore CAD modeled
via a reverse-engineering process so to enable objects recognition and tracking. The application’s
front-end is subsequently developed allowing the operator to virtually interact with the AR-projected
elements and accomplish the assembly of the CubeSat’s structure. This step is implemented choos-
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Figure 6 — The CubeSat’s main parts including its frame (a) and the rails (b) plus some empty
electronic boards representative of the satellite’s payload (c)

ing Unity® as a graphics engine that offers extensive support for mixed reality, integrating well with
other tools (see Fig. [5). Microsoft’s Mixed Reality Toolkit® (MRTK) SDK is also implemented to
ease the application development by adding components and functionalities to Unity®. As final step,
an loT-based electrical continuity check is performed on one of the satellite electronic boards thus
validating also the testing step of the analysed AIT process.

3. Case study: assembly of a CubeSat’s structure

The case at hand is represented by a 1U CubeSat structural subsystem, from NPC Spacemind. The
structure is composed of a primary structure, which is the one that carries the satellite’s major loads,
and a secondary structure, which is used to support the components. In this case, the primary struc-
ture is represented by the upper and bottom frames and the four rails, while the secondary structure
is represented by the four rods assembled inside, as shown in figures [6] (a) and (b). The assem-
bly procedure considered here takes into account also some empty electronic board mimicking the
CubeSat’s payload which can be observed in[g] (c). The structure is assembled through 16 screws,
which allow to connect mechanically the four rails with the two frames. The four rods are assembled
using 8 screws and a spacer. Before implementing the capabilities of the CPS, the assembly process
of our case study have been analyzed, identifying 86 specific steps (Table[T). For each of these, the
component to be used, the actions required, the position, and the tools required were defined. From
these steps, 10 macro-steps have been eventually identified (Table2), defining the assembly steps
within the application and the targets for recognition. The subdivision is undertaken with the objec-
tive of identifying a balanced solution that would grant an easy object recognition for the different
macro-steps and simultaneously avoiding to overwhelm the operator with instructions to accomplish
in a single step. As a result, a detailed list of instructions to be followed by the operator to assemble
the CubeSat structure is drawn up, accompanied by pictures for ease of understanding.

3.1 Application architecture

The developed application relies on a robust architecture (see Fig. [7) composed of different Docker
containers having the role of coordinating which kind of information is needed and should be dis-
played to the user through the visor, in the virtual environment. Each Docker container is used to
start a web server, developed in Python with the Flask micro-framework, that will keep running until it
is shut down to make its functionalities always available. The architecture is composed of three web
servers lying on three different containers that allow developers to improve the application by intro-
ducing newer services. Moreover the architecture, exploiting a Docker container to handle database

6
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D | ITEM

ITEM DETAIL ‘ ACTION

APPLIED TO ‘ TOOL ‘ TOOL DETAIL

-

| Frame 1 Frame 1; | |

Type = Lower; | Place

2 Screw 1 Head = Hexagonal; Insert Frame 1 Hole 1; Screwdriver Tip = CR-V 2.0mm;
Diameter = 3mm;
Length = 11mm;

3 Spacer 1 Body = Hexagonal; Screw in Screw 1; Wrench Diameter = 3mm;
Threaded = True;
Diameter = 3mm;
Length = 10mm;

Head = Torx; Screw in

86 Screw 28
Diameter = 3mm;

Rail 4 Hole 4; ‘ Screwdriver ‘ CR-V T8 tip

Table 1 — Overview of some of the 86 single operations which are identified within the amessembly
procedure of the CubeSat structure: for each one of them an identification number, a short description
of the actions to be accomplished and the parts and tools involved is defined.

requests and a Docker container to handle external sensors, aims to be a configurable and maintain-
able solution.

When the user starts using the application, the Orchestrator Docker container begins to listen for
incoming requests, coming from the AR application, to forward them to the Storage Server Docker
container or the Sensors Server Docker container according to the type of action the user has to
perform. Currently, the user, through the Orchestrator Docker container, may perform two types of
actions involving retrieving data and 3D models, which redirect this request to the Storage Server
Docker container, or enabling communication with a specific sensor, which redirect this request to
the Sensors Server Docker container.

The Storage Server Docker container is composed of Application Programming Interfaces (APIs)
responsible for finding requested data, stored in the Local Database, packaging them, and forwarding
them back to the Orchestrator Docker container. The application is designed to keep in memory only
the information and 3D models that are meant to be shown in each step of the assembly procedure:
for this reason, this container is mandatory to have a light and fast application. To achieve this, the
package Addressable provided by Unity that leverages an API for organizing Unity assets and loading
and unloading them at runtime in asynchronous mode has been considered.

The Sensors Server Docker container is composed of a set of APIs that are necessary to establish
the communication and start exchanging data, in real-time, from a specific sensor available in our
Sensors Pool, these data are then forwarded to the Orchestrator Docker container. A concrete ex-

STEP N° | ID | DETAILS

1o 1 The frame is tak_en from t_he component bench and isolated by placing it in front
of you so that it is accessible for the next step

2° from2to 9 The first 4 hexagonal spacers are attached using the appropriate screws

3° from 10 to 13 Screw the 4 roads due to which the different layers of the cubesat will be stacked

4° | from 14 to 29 | Three washers and a hexagonal spacer are stacked for each road

5° \ from 30 to 38 \ Insert the payload sheet the circular spacers and screw the hex spacers

6° from 39 to 47 _Same previous steps with the difference that now the battery and PDI sheet is
inserted

70 from 48 to 56 nge previous steps with the difference that now the on-board computer board
is inserted

8° | from 57 to 61 | The upper frame is screwed

9° \ from 61 to 66 \ The upper closure is screwed to the upper frame

10° \ from 67 to 86 \ Attach the 4 rails each to the 4 corners through 4 appropriate screws

Table 2 — The 10 macro-steps of the CubeSat assembly procedure considered within the application.
Each macro-step is composed of a series of the 86 single operations previously identified so to
accomplish the complete assembly of the satellite’s structure.

7
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Figure 7 — Overall Application Architecture

ample is the use of a digital multimeter that once it is connected to the container, exploits the Python
SocketlO library for real-time bidirectional low-latency communication.

3.2 Front-end development
Leveraging on the mockups, realized considering all important aspects highlighted by domain experts,
an User Interface for the application is developed so to be able to provide a clear, engaging, and
easily interactive User Experience. The application is composed of three main interfaces the user
is envisioned to be be interacting with the most, and from which many other sub-interfaces can be
reached. These interfaces are:

» The Main Menu interface from which the user can reach all other functionalities of the system
(Fig. [8a). It presents a draggable menu with four buttons: when one of them is pressed it allows
the user to navigate through the application. In particular, a button named Assembly Procedure
redirects the user to the associated main interface to start the assembly simulation; another
named Objective shows up a panel containing useful insights about the use of the simulator
and the assembly of the current physical object; an additional button named Assembly Overview
redirects the users to the associated main interface, and a final one nhamed Tools that through
a panel illustrates to the user how and which tools will be used in the simulation;

» The Assembly Overview interface which provides the user with the possibility to analyze the
physical object and all its components(Fig. [8p). Through this interface, the user can freely
move the object in the virtual environment, possibly "exploding" the visualization to observe
how various elements are connected to each other (Fig. [8c). Moreover, he can activate a
panel in which all components are separated with the possibility to move them independently
and retrieving their associated details. In addition, the operator can also retrieve information
regarding each single step needed to perform the assembling of the object;

» The Assembly Procedure interface through which the user can receive information and assis-
tance to proceed to a step by step guided assembly of the physical object. When accessing this
interface, the user is given the possibility to choose the assembly step for which he needs as-
sistance, downloading CAD data from the Database and displaying information for the selected
step. To make the system lighter and smoother and to avoid too much information from being
displayed at the same time, previously displayed assistance data are cleared from the scene
at each new request. To this end, Unity’s Addressable Asset System is resorted to as it allows

8
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(c)
Figure 8 — Main scene elements of the application: the main menu and its sub-menus (a), the

CubeSat constitutive parts selectable for further info (b), the explorable 3D model of the assembled
satellite (c) and the prefab of a single assembly step.

to keep in the memory of the application only the elements needed at the selected assembly
step, improving the overall performance of the system. Proceeding this way the system asyn-
chronously loads the prefabs that comprise all data related to a step (Fig. [8d). A single prefab
contains (i) the actions that need to be performed in the step, (ii) a video showing the correct
assembling procedure, (iii) a 3D view of the completed assembly step, and (iv) information to
allow recognition of the object necessary to show the 3D Object with the animation of the action
to perform.

3.3 Object recognition and tracking

Object recognition and tracking capabilities enable digital systems to understand and interact with the
physical world in real-time. In the present case object recognition is used in conjunction with AR to
identify and classify objects within the operator’s environment. This process leverages computer
vision algorithms to analyze input from the visor's cameras, matching patterns to a database of
known objects. This capability is crucial to allow the AR system to superimpose relevant digital
information onto physical objects. Object tracking, on the other hand, is required to continuously
follow the position and orientation of recognized objects as they move within the AR environment.
Effective tracking ensures that the augmented elements stay accurately aligned with the physical
world, maintaining a seamless interaction between the digital and the real world. This is key to grant
the AIT operator a stable and immersive AR experience, enabling consistent interaction with the
virtual content regardless of changes in the user’s viewpoint or the object’s position.

Technologies enabling object recognition and tracking in AR include marker-based and markerless
systems. In the analyzed case objects recognition and tracking capabilities, needed to assist the
operator during the assembly of the CubeSat structure, are developed resorting to a markerless ap-
proach. Marker-based tracking uses predefined visual markers (e.g., QR codes) that the system can

9
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Figure 9 — Creation of 3D model-based targets for the CubeSat’s parts: the original CAD model (a)
and the adopted full 360° view guide (b) for the first step of the AIT process.

easily recognize and track, while markerless tracking relies on natural features within the environ-
ment (in the present case, the shapes of the CubeSat’s parts) to identify and follow objects without
any special markers. Given the general-purpose nature of the proposed approach, whose adoption
is intended not to be limited to the AIT of a specific aerospace system, the markerless option rep-
resents the most promising option and is therefore adopted. The software of choice to implement
such approach is Vuforia SDK (Software Development Kit). Aside from the possibility to carry out
a markerless object recognition and tracking, Vuforia’s choice lays also in its easy integrability with
Unity’s environment delivered by the presence of a specific API.

To be performed, object recognition and tracking need to rely on a database of digital targets built
resorting on of both pictures and CAD models of the parts to be recognized and followed. The efficacy
of such database is evaluated according to three main criteria:

1. Speed and ease of recognition: recognition must be quick and easy to achieve for the oper-
ator, which means that the target should be quickly and effectively recognizable from different
perspectives;

2. Positioning of a digital object with respect to the target: the target’s digital child must be easily
positioned according to the user’s perspective considered within Unity scenes;

3. Tracking quality: the digital objects are to remain firmly anchored to the target avoiding flickering
and without loosing recognition upon small movements of the operator.

Making reference to these considerations and given the results of a set of preliminary investigations
which showed inferior performances of image-constituted targets databases to deliver fast and effec-
tive recognition and tracking of the CubeSat’s parts, a CAD model-based strategy is implemented
(see Fig. [9). The accuracy granted by model-based targets, however, comes at the cost of a higher
implementation time and effort. In order to ensure optimal recognition, in fact, it is essential to dis-
pose of CAD models that are as similar as possible to the physical objects to be recognized. To cope
with such requirement and in order to try to reduce the time needed to accomplish this step of the
methodology, free scanning technologies (e.g. Polycam®) are initially evaluated to build the CAD
models of the various parts, eventually achieving unsatisfactory results. Consequently, 3D models of
the CubeSat parts (namely, its structure and the electronic plain boards shown if Fig. [6) are created.
This phase has also involved extensive use of reverse engineering logic with the intent of obtaining
CAD models as close as possible to the real objects.

Once the CAD models are realized, the subsequent creation of the associated targets is tackled. In
so doing, particular attention is paid to choose the most appropriate guide views, i.e. the set of views
for which recognition of a part is accomplished. This choice is based on a trade-off between the need

10
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()

Figure 10 — The object recognition process for a step of the CubeSat’s AIT: once the 3D
model-based target is realized (a) the real object is recognized (b) and a 3D animation sequence
showing the action to be implemented by the operator for the specific AIT step (i.e., screws insertion
and tightening) is superposed within the AR visor (c).

to enable recognition for the wider possible set of viewing angles and the consequent deterioration in
the target performance. Based on these considerations, the targets are constructed for all parts and

AIT steps (see Fig. [10).

3.4 IoT for testing

The framework here proposed is envisioned to assist the operator with an AR-projected set of clear
instructions and modular procedures which can also exploit data coming from different sensors, in
compliance with the realization of a smart connection level for the CPS (see Fig. [3). These sensors,
which are external to the application and can be easily invoked when needed, will increase the func-
tionalities the CPS can provide: when the user selects one of the available sensors for data exchange,
it will start to deliver information in real-time with the system through the Sensor Server docker con-
tainer previoulsy defined. This set of features has the goal of delivering AR-based assistance to the
operator also during the Testing phase of the AIT process.

In the case at hand, connection and data exchange with external sensors are implemented to enable
the user to perform an electrical continuity check on the electrical boards of the CubeSat. The tests
are carried out using a PeakTech® 3445 Bluetooth digital multimeter: the choice of this device falls
back to the necessity of having sensors equipped with interfaces easily accessible from other devices
through wireless connection. By exploiting the Python SocketlO library for real-time bidirectional
communication, the realized CPS can perform the exchanging of data from the multimeter to the
virtual environment simulation in four steps:

1. Multimeter Data Acquisition and Parsing: this phase is necessary to transform data generated
from the multimeter in an easily interpretable data format. The multimeter generates packets
where each byte represents the starting, ending, unit, and value of measurement. This step is
performed inside the Sensors Server docker container;

2. Data Transimission: it is performed leveraging on the SocketlO library which uses a client-server
communication architecture. When a multimeter packet is successfully formatted according to
the considered data format, it will be sent to the Orchestrator docker container for the last
communication and processing operation;

3. Client Data Reception: the data are correctly received by the HoloLens 2 application and are
ready to be visualized. The developed application relies on the UnityWebRequest class in
UnityEngine.Networking to request data from the Orchestrator docker container;
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4. Data Visualization: this step is needed to visualize the data in the augmented environment. To
do so a panel is first created in Unity whose most important objects are the values and body
text within the canvas object. The text variables associated with these objects are then updated
whenever a new value is received. In particular, the value 0L measured by the multimeter and
indicating an open circuit condition is associated to the message "Open circuit”, while a "There
is electrical continuity” message is shown whenever the value 0Q indicating a negligible value
of electrical resistance is measured.

4. Results

The functionality of each scene and object is tested first: in so doing, a complete walk-through of
the AIT workflow the operator is asked to follow in order to accomplish the assembly of the CubeSat
structure is carried out. Each element of the various menus of the application is found to correctly
interact with the user (e.g., opening panels in expected location, properly deal with scene changes
and object handling - grabbing the panels, changing their position/orientation/size) as shown in Fig.
The interaction with the CubeSat’s model, thought to enable the operator to get familiar with the
parts to assemble prior the start of the real AIT process, is also ascertained to operate as expected,
enabling the user to interact with 3D part models in a variety of ways. These include picking up,
rotating, zooming in, and displaying exploded views of the virtual parts (see Fig. [12g). Via the virtual
desktop which includes all the parts constituting the CubeSat’s structure, it is possible to open a
panel for each component, thereby providing information about the selected parts, as shown in Fig.

Application Objective

The application aims 1o create an i
gnwironment to suppart the a Digital
Fusse of She Gk Sree multimeter:
I addition to this, the applicati
continuity of the electronic devices to be g
evaluated thanks to the real-time display of
data sent by the digital multimeter

Calibre:

Instructions

. st fram Server
Downisading target from

s e
4 {n

Pravialis Main Peng

Figure 11 — Functionality test for the app’s menus.
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Figure 12 — The operator can explore the model of CubeSat before the start of the AIT process by
virtually interacting with its parts (a), receiving additional info on the selected components (b).

12b). Prefabs are found to be instantiated properly as well, with correct features, object positioning
and removal when another one is called in. All the elements responsible for capturing the digital
objects that appear work correctly, including the button in front of the CubeSat’s digital model used
to activate / deactivate the possibility of manipulating the object. Figure [13| shows the results. The
elements appear in the correct positions: here the assembly panel - giving instructions to carry out
the seventh step of the AIT procedure - and the video information panel - showing how to perform the
ninth step of the process - take the place of the menu and and are freely manipulable.

For scenes related to assembly stages, both object recognition / tracking and interaction of target-
related objects are verified for each step of the AIT process, including the interaction with all other
non-target-related elements (see Fig. [14). It is observed that recognition time and positioning improve
significantly when observing the target from a non-frontal view and when the target has marked
elements of asymmetry (the average recognition time is few seconds). On the other hand, parts
tracking is fairly achieved as long as movements remain controlled and executed below a certain
speed.

In the proposed framework, assistance for the operator is available both in terms of assembly instruc-
tions at each step of the AIT process and in terms of parts identification, to direct the user towards
the correct components to be used to complete the assembly. In particular, the CPS is capable of

ID Step 7\10
Video Information Step g

Figure 13 — Elements of the AIT steps: an assembly panel, giving instructions to carry out the
seventh step of the AIT procedure (a) and the video information panel, showing how to perform the
ninth step of the process (b).
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Figure 14 — Parts recognition (a)-(b) and tracking (c) during various AIT steps.

distinguishing between the different electronic boards, enabling the user to select the appropriate
one. In so doing, the system it is also able to distinguish between the two different faces,as attested
by the digital SDR consistent with the physical board (see figure [15p).

Last, the electrical continuity of the CubeSat boards is verified. The architecture to exchange data
with the bluetooth multimeter works correctly: as can be observed figure the value displayed
on the multimeter is identical to that shown on the digital panel, and the information message is
consistent with the data received.

5. Conclusion

This study has investigated the integration of AR-assisted CPSs into the assembly, integration, and
testing processes of aerospace components, with the goal of establishing a comprehensive under-

Figure 15 — Recognition of the correct assembly step and identification of the necessary parts to
proceed with the process.
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SAME VALUE SAME VALUE

Figure 16 — Electrical continuity check for the electronic boards of the CubeSat.

standing of the potential benefits and challenges associated to the adoption of these technologies. To
do so, an AR-based CPS has been successfully developed to enhance the AIT process of the struc-
ture of a CubeSat. The development of the proposed framework has ranged from the analysis of the
various phases of the structural subsystem’s assembly process to the definition of the application’s
front-end, enabling the operator to virtually interact with the AR-projected elements and accomplish
the assembly of the CubeSat’s structure. Results have shown the appropriate functionality of each
scene and object of the application, allowing a correct interaction of the user with menus and virtual
replicas of various part of the CubeSat. Recognition and tracking of the satellite’s structural compo-
nents have shown to work appropriately for each step of the AlT process as long as the operator’'s
movements are executed in a controlled way. Finally, an loT-based electrical continuity check of the
satellite electronic boards has been accomplished, proving the validity of the proposed framework
also the testing step of the analysed AIT process. Comparative assembly tests between AR-assisted
and non AR-assisted operators are currently being conducted to gain additional quantitative insight
for the proposed approach.
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